The amino acid composition, molecular weight, and isoelectric point of a protein can all be easily and economically determined by current electrophoretic techniques. A method which uses such easily obtained data to identify proteins is described. A computer program first corrects for systematic errors in amino acid quantitation and then searches the current sequence database for proteins with amino acid compositions similar to the corrected values, taking into
account the reliability of determination of each amino acid. The program also provides the calculated molecular weight, isoelectric point, and name of each candidate, providing three further independent criteria for protein identification. The program is surprisingly sensitive, and the composition data alone, if of good quality, usually suggest the correct protein as a strong candidate if it or a close homologue is present in the database. Further studies show that proteins in the current database have amino acid compositions distinct enough to aflow this method to be generally applicable. The method is a quick and cost-effective first step in protein characterization and should become increasingly useful as the number of fully sequenced proteins continues to rise. Current PAGE and blotting methods allow the convenient and inexpensive determination of amino acid composition of a protein, as well as molecular weight estimation and isoelectric point measurement (1) . These parameters are much easier and cheaper to determine than primary amino acid sequence, the usual method of characterizing unidentified proteins. Protein sequencing is a fairly complex multistep procedure requiring a considerable amount of time and resources, and technical problems frequently occur (1, 2) . Here is described an efficient method for protein identification based on the more easily determined protein characteristics.
MATERIALS AND METHODS Programs. The protein sequence database was the Protein Identification Resource (PIR) Release 32, containing 40,287 entries. Fig. 1 shows in diagrammatic form how the programs work. MAKE-LIB counts the number of Asx, Thr, Ser, Glx, Pro, Gly, Ala, Val, Met, Ile, Leu, Tyr, Phe, His, Lys, and Arg residues in each protein. These are the amino acids routinely quantified, counting Asp and Asn together (Asx) and Glu and Gln together (Glx), and not counting Trp and Cys. The percentages of these amino acids (calculated as described below) are put into the first 16 elements of an 18-element array, the last two elements being loaded with the calculated molecular mass and calculated isoelectric point of the protein. If the calculated molecular mass is >5 kDa, the entire 18-element array is saved on disc as one entry of a file called SCORES, the process being reiterated for all proteins in the database. The 5-kDa cutoff removes 4786 proteins and was The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
introduced since protein blotting is normally performed on proteins larger than this. MAKE-LIB simultaneously writes the accession numbers and identifiers of each selected protein sequentially to the NAMES file.
Amino acid composition determinations are of differing accuracy and reproducibility for different amino acids (3) (4) (5) . We therefore made multiple composition determinations from blots ofabout 5 ug of each offour different pure proteins of known primary sequence and found that each amino acid was quantified with a characteristic and quite repeatable error ( Table 1 ). The variance and standard deviation (SD) of the quantities obtained for each amino acid were then calculated as described in the legend to Table 1 . The values obtained are in line with those reported by other workers (5) but show that different facilities have rather different accuracies and reproducibilities for each amino acid. To make optimum use of this method, users should probably determine their own values for Table 1 .
The amino acid composition data obtained on an unknown protein are entered into the FINDER program, each quantity is corrected by the appropriate error factor shown in Table 1 , the mole percentage is calculated, and the corrected values are displayed on the monitor. Table 1 shows that Gly, Met, and Pro are determined particularly unreliably, as shown by the high variance and SDs of scores. Val might sometimes be less reliably determined than suggested by Table 1 since it is poorly recovered from acid hydrolysates of proteins rich in hydrophobic sequences (6) . Both MAKE-LIB and FINDER therefore determine mole percentage values initially excluding these amino acids. The mole percentage values of these 4 amino acids are then calculated relative to the total of 100% for the other 12. Gross errors in any or all of these 4 amino acids cannot therefore affect the remaining composition data. FINDER compares the 16 calculated values with the corresponding values in each array in the SCORES file. The program gives a score of 2 if the experimental value for a particular amino acid and the corresponding database value are within 1.5 SDs of each other, 1 if they are within 3 SDs, and 0 if they are further than 3 SDs apart ( Table 1 ). Since amino acids present in very small percentage amounts are determined less accurately, experimentally determined scores below 3 mol % are treated, for the purposes of calculating the range of variability tolerated, as if they were 3 mol %. This scoring method is one of more than 50 tested and is a good compromise between speed and sensitivity.
Entries in the scoREs file which have a score higher than a preset value (usually 20 points for a preliminary run) are displayed on the monitor screen along with the calculated mean score, SD of scores (see Table 2 ) and a histogram of score distribution. The programs and data files run on IBM PC-compatible computers and occupy a total of less than 3.4 megabytes of disk space. Programs were written in the C language and run in between 1.5 min and 10 sec, depending on the type of computer used. Amino Acid Analysis. Coomassie brilliant blue-stained protein bands were excised from PVDF membranes and sealed in vacuo in glass vials containing 6 M HCI (constant boiling; Pierce) plus 0.1% phenol. Acid hydrolysis was performed at 120°C for 20 hr. Hydrolysates were applied to a Beckman system 6300 amino acid analyzer, which separates amino acids on a polystyrenesulfonic acid ion-exchange resin in sodium-containing buffers and derivatizes the amino acids with ninhydrin as they are eluted. Ninhydrin levels are then determined spectrophotometrically. Data were interpreted with the Nelson Analytical 2600 chromatograph software package. Proteins. Proteins were obtained from Sigma (bovine ubiquitin, bovine serum albumin, rabbit muscle myosin, pig muscle glyceraldehyde-3-phosphate dehydrogenase, chicken ovalbumin, chicken lysozyme, human carbonic anhydrase, bovine carbonic anhydrase, rabbit phosphorylase b, Escherichia coli ,-galactosidase) or produced locally [porcine neurofilament subunits NF-L and NF-M, porcine glial fibrillary acidic protein (GFAP), and various unidentified proteins]. The cytoskeletal pig spinal cord cytoskeletal preparation was produced as described (7) . ABRF-92 is a protein sample from the Association of Biomedical Research Facilities, the identity of which is kept secret, used to test how accurately amino acid compositions are being determined nationwide (5) .
Candidate Proteins
Electroblotting. Electroblotting was performed at a constant voltage of 90 V for 30-120 min from Laemmli gels in the presence of 10 mM Mes at pH 6.0, either made 20% methanol for low molecular weight proteins or between 0.1% and 0.01% SDS for larger proteins. Poly(vinylidene difluoride Samples of bovine serum albumin, chicken ovalbumin, chicken lysozyme, and human carbonic anhydrase were blotted onto PVDF three separate times, and the amino acid compositions were determined. The results obtained for each amino acid were compared with the theoretically expected values, and the average degree of overor under quantitation has been placed in the "Factor" column. The values obtained for each amino acid from a particular protein were then standardized to give a mean of 1.00. The values for the same amino acid from each protein were then combined and the variance and standard deviation (SD) were determined.
RESULTS
The degree of overor underestimation of quantitation and the reproducibility of determination of each amino acid under the experimental conditions used were determined as described in Table 1 and in Materials and Methods. The determination of these two factors allows the systematic correction of amino acid composition data and the construction of a scoring method which expects the best fit for amino acids which we can determine very accurately but tolerates a loose fit with those which are less accurately determined. To test FINDER, several pure proteins were blotted onto PVDF membranes, their amino acid compositions were determined, and the data were entered into the FINDER program. The program was surprisingly sensitive, almost always producing the best match with the expected protein ( Table 2 ). FINDER effectively points to a single candidate based on the amino acid composition alone, although the SDS/PAGE molecular sizes are also in agreement with the calculated molecular sizes of the candidates. Many ofthe closely matching sequences were obviously related to the target molecule. For instance, the second-best although rather distant match to E. coli 8-galactosidase was ,B-galactosidase from Klebsiella pneumoniae. Similarly, bovine NF-L finds as best matches all four NF-L sequences in the PIR 32 database. Note that the absence ofthe bovine NF-L sequence from the database would clearly not have prevented protein identification. Often members of the same protein superfamilies as the source protein were among those better matching. For example, data from blots of GFAP produced vimentin, desmin, lamins, and other intermediate-filament subunits as poorer matches than GFAP itself, but nonetheless with scores in the 16-20 range. The relatively low best score obtained by certain ofthese proteins-e.g., bovine ubiquitin in Table 2 -indicates that some of the data cannot have been of the highest quality, but that the method was still sensitive enough to identify the protein in question. In the case of ubiquitin, note that no protein other than a member of the ubiquitin family scored more than 20, so that even the relatively low score obtained still suggests ubiquitin as a strong candidate. FINDER also suggested the expected proteins as best candidates in the case of bovine neurofilament subunit NF-M, bovine GFAP, bovine serum albumin, chicken ovalbumin, chicken lysozyme, pig glyceraldehyde-3-phosphate dehydrogenase, and rabbit muscle myosin. In general, lower scores with the expected candidate were associated with lower amounts of amino acid analyzed; >10 nmol of total amino acid hydrolyzed usually gave a workable result, but the best data were obtained with >25 nmol, corresponding to about 2.5 pg, or 50 pmol, of a 50-kDa protein.
These studies suggest that the proteins selected have amino acid compositions unique enough for the program to select them from the database. To see whether this is generally true of known proteins, a program (called SEEKER) was written which randomly selects a protein composition from the SCORES file and looks for other proteins with similar compositions, Amino add Composition Data
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Downloaded by guest on January 2, 2020 30  24  22  26  25  24  20  27  27  23  22  24  24  24  23  23  22  22  22  22  22  21  21  21  21  21  21  21  21  21  21  21  21  21  27  25  24  24  23  23  23  23  23  23  30 Only the best scores are shown, and all proteins with the lowest score listed are included. IEP, calculated isoelectric point. Amount, total quantity (nmol) of relevant amino acids analyzed. The variable ubiquitin molecular masses arise from polyubiquitin cDNAs and ubiquitin precursors, which contain multiple 8.4-kDa ubiquitin monomers. using a variety of scoring methods. Unrelated proteins of similar amino acid composition are extremely difficult to find, even with scoring methods looser than that used by FINDER, suggesting a surprising degree of uniqueness to amino acid composition data. SEEKER performed 100 random searches using the FINDER scoring method, and the resulting 1528 proteins scoring .20 were examined in detail. Of these, 651 proteins were clearly related to the target protein-e.g., the same sequence under a different accession number; the same gene product from a different tissue, strain, or species; or readily comprehensible situations such as a protein and a large fragment of the same protein. Fifty-four of the searches found no unrelated protein scoring >20 points. within the limits defined by the scoring method, the amino acid composition of these proteins was unique. In the remaining 46 cases the unrelated proteins invariably obtained low scores, as shown in Fig. 2 . No protein unrelated to the target protein scored >25, and only 2 unrelated proteins scored 25. In contrast, 55 clearly related proteins scored 25, and 201 related proteins scored >25. Of the proteins with low scores, 13.5% of the proteins scoring 20 were related to the target, as were 31% ofthose scoring 21, 47% ofthose scoring 22, 80%o of those scoring 23, 86% ofthose scoring 24, and 96.5% ofthose scoring 25. FINDER scores of 20 and above therefore have significant probability of indicating a genuine match, the likelihood increasing dramatically with increasing score. Proteins selected by SEEKER that produced a significant number of scores with clearly unrelated proteins had amino acid compositions close to the average composition of the database (for the PIR 32 database, in mole percentages: Asx, 9.84; Thr, 6.05; Ser, 7.43; Glx, 10.77; Pro, 5.39; Gly, 7.41; Ala, 7.81; Val, 6.69; Met, 2.37; Ile, 5.58; Leu, 9.45; Tyr, 3.34; Phe, 4.11; His, 2.35; Lys, 5.99; Arg, 5.39). The FINDER scoring algorithm was therefore used to search for proteins matching this average. Even in this worst-case situation the highest score was 25, obtained by a single protein. Sixteen proteins scored 24, and 32 proteins scored 23. These data suggest that, given good-quality input, even a protein with an amino acid composition very close to the database average would be selected on the basis of amino acid composition alone. A corollary of this is that even quite low-quality data would still allow the identification of the -50% of proteins in the current database which are not close in amino acid composition to any unrelated protein.
The program has been used to aid in the identification of a growing list of proteins found in a variety of different situations. The program frequently suggests a strong and plausible candidate with reasonably matching molecular mass and isoelectric point, which can then be tested for identity to the target protein. Here I provide two examples. Salt-and detergent-extracted pig spinal cord cytoskeletal preparations contain intermediate-filament subunits as major components, but microtubuleand microfilament-associated proteins would be expected to be extracted (Fig. 3A) , so that a protein of 50-kDa apparent molecular mass might be a novel intermediate filament-associated protein (7) . The amino acid composition from a single PVDF blot was fed into FINDER, which revealed that the 50-kDa protein had a composition very close to that of the 3-tubulin multigene family ( of the 58 proteins scoring 20 or more, 29 were f-tubulins, and the 4 best-scoring proteins were all 3-tubulins, scoring in the range 24-27. The SDS/PAGE molecular mass and the isoelectric point estimated from ion-exchange chromatography are also consistent with the 50-kDa protein being a ,B-tubulin, although none of the close non-3-tubulin candidates meet both these criteria. Finally, (8-tubulin, while not expected, is also not an implausible component of the preparation. Later experiments showed that antibodies to 3-tubulin gave clear and strong signals on the 50-kDa band, leaving little doubt that this protein is a member of the 3-tubulin family ( Fig. 3  B and C) . A further example is provided by ABRF-92, a protein sample given out by the Association of Biomedical Research Facilities, the identity of which is kept secret. The amino acid composition determined from ABRF-92 was fed into FINDER, which pointed to bovine chymotrypsinogen B precursor as clearly and unambiguously the best match ( Table 2 ). The Protein Core Facility at the University of Florida obtained two peptide sequences corresponding exactly to the bovine chymotrypsinogen B precursor sequence, and a telephone call to the Association of Biomedical Research Facilities further confirmed this identification.
In the case of several other proteins, FINDER found no close matches. Later, partial peptide sequences from two of these showed no similarity to any known protein, suggesting that these proteins are novel, and also indicating that the program tends not to generate false positives. In one case FINDER failed to identify a protein which was later characterized by peptide sequencing. In this case, examination of the original composition data revealed that it matched the expected values very poorly, probably due to contamination or other technical problems. Finally, several published amino acid profiles were examined with FINDER. Even though the error and reproducibility factors shown in Table 1 are expected to be somewhat different for other laboratories, the program usually worked efficiently. For example, the amino acid composition of the 66-kDa protein described by Chiu et al. (8) was entered into FINDER, which found as the single best match a-intemexin, (score of 25 points; next best score, 21 points), in line with the generally held belief that these two proteins are identical (9).
DISCUSSION
The program described should be a useful addition to the current array of scientific software. It is far easier, cheaper, and quicker to obtain amino acid composition data than peptide sequence. The blockage ofthe N-terminal amino acid is not a problem for composition analysis, the amount of protein required is quite low, and the recovery ofamino acids from PVDF membranes should be excellent. Perhaps the most surprising finding reported here is the highly specific nature of the composition data; unrelated proteins have distinct amino acid compositions, and proteins with the same or very similar profiles are invariably closely related. The composition profile, as routinely determined, is an array of 16 non-integer numbers whose range in known proteins is quite surprising. Even if proteins of >20 kDa are selected, the ranges in PIR 32 are as follows: Asx, 0-46.08%; Thr, 0-45.3%; Ser, 0-38.69%; Glx, 0-45.78%; Pro, 0-47.5%; Gly, 0-66.32%; Ala, 0-4.65%; Val, 0-19.18%; Met, 0-15.19%; Ile, 0-23.35%; Leu, 0-29.18%; Tyr, 0-16.76%; Phe, 0-27.71%; His, 0-64.94%; Lys, 0-32.23%; Arg, 0-32.14%. For comparison, note that only 10 integer numbers (i.e., each number has only 10 possible values) are sufficient to uniquely identify most of tens of millions of telephones in the United States. Three further criteria beyond the composition can also be used in the identification process: the name, calculated molecular mass, and isoelectric point of each candidate protein. The molecular mass determined from SDS/PAGE is reasonably accurate for most proteins (10) , but in some extreme cases may differ from the real molecular mass by as much as a factor of 2. Similarly, the isoelectric-point calculation does not take into account interactions between charged groups within the molecule or the effects of posttranslational modification and so is only accurate to within about 1 pH unit. However both numbers, used judiciously, can rule out a large number of proteins from any list of candidates. Finally, the candidate should be a protein which could plausibly be found in the experimental situation under examination. The composition, molecular weight, isoelectric point, and context therefore provide four independent criteria which can be used in the identification process. Experience to date suggests that one can feel very confident about the identity of a protein which matches a particular candidate by all four criteria.
The finding that a l3-tubulin isotype is a component of the salt-extracted spinal cord cytoskeleton is interesting and may point to the presence of an unusually stable form of microtubules in these preparations. Alternatively, the ,-tubulin may be a contaminant and of no real significance. In either case we are now at a stage that would normally have required considerable work and expense.
The surprising variability of amino compositions of known proteins, the reason that FINDER works, has been conclusively demonstrated here. The resolution of FINDER is dependent on the empirically determined accuracy and reproducibility of amino acid composition data produced by a particular facility. Future improvements in protein hydrolysis techniques and amino acid determination will therefore naturally increase the resolution of the program. FINDER can be easily modified and made even more sensitive if Cys and Trp, or separate Glu/Gln and Asp/Asn determinations, become more widely performed. It is becoming ever more likely that the sequence of an unknown protein in a particular experimental situation has already been determined, so that the protein could be identified by programs like the one described here. Failure to find a good match with FINDER, given good-quality amino acid composition data, is also useful information, since it suggests that a protein is novel and worthy of detailed characterization. After the work described here was complete, I became aware that previous authors have used amino acid composition data to identify proteins, although it is fair to state that this approach is not well known or widely used and that the method described here is significantly more refined in several respects (11, 12) . Executable versions of FINDER and the NAMES and SCORES files are available from the author. FINDER has been copyrighted.
